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Chemical context
Naphthalene, anthracene and pyrene are three types of polycyclic aromatic hydrocarbons that consist of two, three and four fused benzene rings sharing a common side. Polyaromatic hydrocarbons or -conjugated materials are an important class of organic compounds because of their significant conductivity properties that have led to tremendous advancements in the field of organic electronics (Li et al., 2016) . Most conjugated materials used in such applications rely on linear electron-rich fragments (Lin et al., 2017) . Furthermore, -conjugated systems have been studied extensively for their optoelectronic properties because they give the possibility of low-cost, large-area, and flexible electronic devices. Over the past decade, significant research into new -conjugated systems has been ongoing due to the rapidly growing number of applications in electronic devices such as semiconducting materials, organic light-emitting diodes (OLEDs; Kulkarni et al., 2004) and organic field-effect transistors (OFETs; Torrent & Rovira, 2008; Wu et al., 2010) . Recently, we found that the presence of fused-ring systems at both terminal rings of chalcone derivatives to be useful in obtaining good quality single crystals with an easy-to-synthesize method. In this work, we report the synthesis and combined experimental and theoretical studies of anthracene chalcones containing a naphthalene (I) or pyrene (II) fused- ISSN 2056-9890 ring system. Additionally, the UV-Vis absorption and Hirshfeld surface analyses are discussed.
Structural commentary
The molecular and optimized structure of compounds (I) and (II) is shown in Fig. 1 . The optimization of the molecular geometries leading to energy minima was achieved using DFT [with Becke's non-local three parameter exchange and the Lee-Yang-Parr correlation functional (B3LYP)] with the 6-311++G (d,p) basis set as implemented in Gaussian09 program package (Frisch et al., 2009) . From the results it can be concluded that this basis set is well suited in its approach to the experimental data. The slight deviations from the experimental values are due to the fact that the optimization is performed in an isolated condition, whereas the crystal environment affects the X-ray structural results (Zainuri et al., 2017) .
Compound (I) comprises a chalcone with an anthracene ring system (ring A) and a naphthalene ring system (ring B), compound (II) comprises a chalcone with an anthracene ring system (ring C) and a pyrene ring system (ring D). The enone moiety in (I) [O1/C15-C17, maximum deviation of 0.0143 (10) Å for O1] makes dihedral angles of 79.06 (11) and 8.62 (11) with the mean planes through ring A [C1-C14, maximum deviation of 0.0555 (11) Å for C14] and ring B [C18-C27, maximum deviation of 0.037 (11) Å at C19] respectively. In compound (II), the enone moiety [O1/C15-C17, maximum deviation of 0.0364 (18) Å for O1] forms dihedral angles of 88.8 (2) and 18.3 (2) with ring C [C1-C14, maximum deviation of 0.037 (3) Å for C10] and ring D [C18-C31, maximum deviation of 0.0236 (18) Å for C18], respectively. The large differences in the values of the dihedral angles indicate that the possibility for electronic interactions between the anthracene unit and the enone moiety is hindered (Jung et al., 2008) .
In both compounds, the C2-C3, C4-C5, C9-C10 and C11-C12 bond distances [mean value 1.3614 (18) Å for (I) and 1.351 (3) Å for (II)] are significantly shorter than the C-C bond distances in the central rings of the anthracene units [1.412 (8) and 1.403 (7) Å for (I) and (II) respectively]. This observation is consistent with an electronic structure for the Figure 1 (a) The molecular structure of compound (I) and (II), with displacement ellipsoids drawn at the 50% probability level; (b) the optimized structure of compound (I) and (II) at DFT/B3LYP 6-311++G(d,p).
anthracene units where a central ring displaying aromatic delocalization is flanked by two isolated diene units (Glidewell & Lloyd, 1984) .
Both theoretical and experimental structures exist in an s-trans configuration of the enone moiety, with C15 O1 bond lengths of 1.2275 (14) Å (DFT: 1.22 Å ) and 1.219 (2) Å (DFT: 1.22 Å ) in (I) and (II), and C16=C17 bond lengths of 1.3416 (17) Å (DFT: 1.35 Å ) and 1.328 (3) Å (DFT: 1.35 Å ) in (I) and (II), respectively. Both compounds are twisted at the C14-C15 bond with C1-C14-C15-C16 torsion angles of 102.72 (12) and À87.9 (2)
, respectively. The corresponding torsion angles calculated by DFT are 95.94 and 95.29 , respectively. The bulkiness of the anthracene ring system gives rise to a highly twisted structure at both terminal rings. Furthermore, compounds (I) and (II) are slightly twisted at the C17-C18 bond with C16-C17-C18-C19 torsion angles of 7.35 (18) (DFT: 0.69 ) in (I) and 17.2 (13) (DFT: 19.84 ) in (II). The slight differences in the torsion angles in the two compounds is due to the formation of C-HÁ Á Á O and C-HÁ Á Á intermolecular interactions involving all the fused ring systems (A, B, C and D), which are not taken into consideration during the optimization process.
Supramolecular features
In compound (I), the molecules are connected by weak intermolecular C-HÁ Á ÁO hydrogen bonds (Table 1) into chains propagating along the b-axis direction. Weak C-HÁ Á Á interactions (Table 1) connect the chains into columns along the b axis (Fig. 2) . In compound (II), molecules interact through three kinds of C-HÁ Á Á interactions (C25-H25AÁ Á ÁCg3, C26-H26AÁ Á ÁCg5 and C27-H27AÁ Á ÁCg4; Table 2 ) involving the anthracene and pyrene ring systems of adjacent molecules, forming a three-dimensional network (Fig. 3 ).
Absorption Spectrum and Frontier Molecular Orbital
The theoretical maximum absorption wavelengths ( calc ) was obtained by time-dependent DFT (TD-DFT) calculations using B3LYP and the calculated values were compared with the experimental values. The calculations of the molecular orbital geometry show that the absorption maxima of the molecules correspond to the electron transition between frontier orbitals such as the transition from HOMO to LUMO. As can be seen from the UV-Vis spectra (Fig. 4) Table 2 Hydrogen-bond geometry (Å , ) for (II).
Cg3, Cg4 and Cg5 are the centroids of the C18-C13, C21-C24/C32/C33 and C18-C21/C31/C32 rings 
Figure 3
The crystal packing of compound (II) showing C-HÁ Á Á interactions (dashed lines).
Figure 2
The crystal packing of compound (I) showing C-HÁ Á ÁO and C-HÁ Á Á interactions (dashed lines). Table 1 Hydrogen-bond geometry (Å , ) for (I).
Cg4 is the centroid of the C18-C20/C25-C27 ring spectroscopic data recorded show a strong cut off for compound (I) and (II) at 390 nm and 450 nm, respectively. Through an extrapolation of the linear trend observed in the optical spectra (Fig. 4) , the experimental energy band gaps are 3.18 and 2.76 eV for (I) and (II) respectively. The predicted energy gaps of 3.15 and 2.95 eV are comparable to the experimental energy gaps. The energy gap for (II) is smaller because the fused ring system of the pyrene substituent has a larger -conjugated system compared to the naphthalene fused ring system in (I). In addition, a previous study from Nietfeld et al. (2011) comparing the structural, electrochemical and optical properties between fused and non-fused ring compounds shows that the former have a lower band gap than other structures. The value of the optical band gaps observed for compound (I) and (II) indicate the suitability of these compounds for optoelectronic applications.
Hirshfeld Surface Analysis
The d norm and shape-index (Wolff et al., 2012) surfaces for compounds (I) and (II) are presented in Fig. 5a and 5b, respectively. C-HÁ Á ÁO and C-HÁ Á Á contacts are shown on the d norm mapped surfaces as deep-red depression areas in Fig. 5a . The C-HÁ Á ÁO contacts are only present in compound (I). The C-HÁ Á Á interactions are indicated through a combination of pale orange and bright-red spots, which are present on the Hirshfeld Surface mapped over the shape index surface and identified by black arrows (Fig. 5b ).
In the fingerprint plot ( 
Database survey
A survey of Cambridge Structural Database (CSD, Version 5.38, last update November 2016; Groom et al., 2016) revealed four compounds having an anthracene-ketone substituent on the chalcone, i.e. anthracen-9-yl styryl ketone and 9,10-anthryl bis(styryl ketone) (Harlow et al., 1975) , (2E)-1-(anthracen-9-yl)-3-[4-(propan-2-yl)phenyl]prop-2-en-1-one (Girisha et al., 2016) and (E)-1-(anthracen-9-yl)-3-(2-chloro-6-fluorophenyl)prop-2-en-1-one (Abdullah et al., 2016) . Zainuri et al. (2018) reported the structure of the bis-substituted anthracene chalcone, (E)-1,3-bis(anthracen-9-yl)prop-2-en-1-one. Others related compounds include 1-(anthracen-9-yl)-2-methylprop-2-en-1-one (Agrahari et al., 2015) and 9-anthroylacetone (Cicogna et al., 2004) .
Synthesis and crystallization
A mixture of 9-acetylanthracene (0.5 mmol) and 2-napthaldehyde or 1-pyrenecarboxaldehyde (0.5 mmol) for compounds (I) and (II), respectively, was dissolved in methanol (20 ml). A catalytic amount of NaOH (5 ml, 20%) was added to the solution dropwise with vigorous stirring. The reaction mixture was stirred for about 6 h at room temperature. After stirring, the contents of the flask were poured into ice-cold water (50 ml). The resultant crude products were filtered, washed successively with distilled water and recrystallized from acetone to get the corresponding chalcones. Single crystals of (I) and (II) suitable for X-ray diffraction analysis were obtained by slow evaporation of an acetone solution. UV-Vis absorption spectra and electron distribution of the HOMO and LUMO energy levels of (a) compound (I) and (b) compound (II).
Refinement
Crystal data collection and structure refinement details are summarized in Table 3 . All H atoms were positioned geometrically [C-H = 0.95 Å in (I) and 0.93 Å in (II)] and refined using riding model with U iso (H) = 1.2U eq (C). For both structures, data collection: APEX2 (Bruker, 2009 ); cell refinement: SAINT (Bruker, 2009 ); data reduction:
SAINT (Bruker, 2009 ); program(s) used to solve structure: SHELXTL (Sheldrick, 2008 ). Program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) for (I); SHELXL2013 (Sheldrick, 2015) for (II). For both structures, molecular graphics: SHELXTL (Sheldrick, 2008) ; software used to prepare material for publication: SHELXTL (Sheldrick, 2008) and PLATON (Spek, 2009 ).
1-(Anthracen-9-yl)-3-(naphthalen-2-yl)prop-2-en-1-one (I)
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 119.53 (9) C14-C1-C2-C3 −179.94 ( Special details Experimental. The following wavelength and cell were deduced by SADABS from the direction cosines etc. They are given here for emergency use only: CELL 0.71104 11.238 12.388 17.234 90.027 107.859 90.073 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
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